Abstract-Two-phase cooling of a square simulated electronic device surface of 21.3 mm side was successfully carried out without the need for a pump. This smart, passive cooling system incorporates a self-enhancing and self-sustaining mechanism, wherein the system inherently enhances its cooling capacity by increasing the velocity of the two-phase mixture along the boiling surface when an increase in heat flux is sensed. Other practical attributes of this pumpless loop are small liquid inventory requirements and absence of the incipient boiling temperature drop. It is shown small surface tension and contact angle render dielectric coolants such as FC-72 ideally suited for flow in narrow gaps. These unique properties are responsible for very small bubble size, precluding any appreciable blockage of the replenishment liquid flow even in narrow gaps. Critical heat flux (CHF) was found to generally increase with decreasing boiler gap. CHF for flat, micro-channel (with 0.2 mm rectangular fins) and mini-channel (with 1.98 mm rectangular fins) surfaces was 4.5, 5.9, and 5.7 times greater than for pool boiling from a flat surface for corresponding gaps. A pressure drop model was formulated to predict coolant mass flow rate, boiling surface inlet and exit velocities, and pressure drop components throughout the loop. The model predictions illustrate the pumpless loop's selfsustaining and self-enhancing attributes, and relate CHF trends to those of the two-phase mixture acceleration along the boiling surface.
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NOMENCLATURE
Fin width. Flow area associated with boiler gap adjacent to boiling surface. Planform area of boiling surface, . Fin spacing. Bond number defined in (1) . Fin height. Hydraulic diameter associated with boiler gap adjacent to boiling surface, . Inner diameter of tubing used in cooling loop. Bubble departure diameter. Single-phase friction factor. Two-phase friction factor. 
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IQUID cooling has always been viewed as the logical progression from air cooling as heat dissipation levels prevalent in electronic devices and systems continue to escalate. However, many computer manufacturers are presently reluctant to take any steps away from air cooling because of concerns over both the reliability of liquid cooling systems and high cost of transitioning to, and implementing liquid cooling technology. The trade-off between the need to dissipate the ever increasing device heat fluxes and maintaining low cost makes future cooling solutions quite elusive, especially when one considers the shrinking profit margins in the entire electronics industry.
Poor thermal transport properties of air are responsible for a large device-to-air thermal resistance, which can lead to very high device temperatures when dissipating high heat fluxes. Some improvement is possible with high-performance heat sink attachments, better interface materials and use of multiple air fans, but limits to the device temperature have already been reached and any further escalation in heat flux will result in unacceptably high device temperatures.
Liquid cooling will undoubtedly alleviate those high device temperature concerns, and cooling options with liquids are abound. However, all liquid cooling solutions share a number of serious drawbacks-sealing problems, high cost, reduced reliability, and, for many, the need for a pump, which further compounds the cost and reliability concerns. Both water and fluorochemicals have been investigated and, in a few cases, implemented in electronic cooling systems. Water has excellent thermal transport properties but, owing to its poor dielectric properties, cannot be used in direct contact with current-carrying components. Hence, water is only used in closed, indirect cooling systems, buffered from the device surface by a multi-layer consisting at a bare minimum of a metallic shell and a thermally-conducting interface material. Hence, while water can greatly enhance convective cooling effectiveness, the combined thermal resistance of the buffer layers can elevate device temperature when dissipating high heat fluxes.
Fluorichemicals such as 3M's Fluroinerts are especially popular for electronic cooling because their superior dielectric properties facilitate direct immersion of the device in the liquid coolant, completely eliminating the thermal resistance of the buffer layers required with water-cooled systems. Unfortunately, the thermal properties (especially thermal conductivity and latent heat of vaporization) of those coolants are far inferior to those of water. Thus, there is a need to greatly enhance their cooling effectiveness using such means as high coolant velocities, surface augmentation, and, especially, change of phase.
Boiling is a simple yet very effective means for enhancing Fluorinert cooling performance. It has been successfully demonstrated in a wide variety of configurations, including pool boiling thermosyphons, channel flow, jet-impingement and spray [1] . Pool boiling thermosyphons are of particular interest for the first generation of direct-immersion liquid cooling systems. It features simplicity of design, ease of fabrication (compared to flow boiling systems), maintenance-free operation, and, most importantly, natural circulation without the need for a pump. One of the important cooling limits of a pool boiling thermosyphon is critical heat flux (CHF). Without surface augmentation or subcooling, CHF in a large pool of saturated of FC-72 is less than 20 W.cm [2] , [3] . Given the stringent volume constraints of electronic cooling hardware, only a small mass of the dielectric liquid may be permitted, and the small confines of the liquid pool can have a strong bearing on the liquid replenishment of the device surface during vigorous boiling, which greatly diminishes CHF and endangers device integrity.
Those drawbacks, and the need to miniature cooling hardware, have brought micro-channel and mini-channel cooling to the forefront of direct liquid-immersion cooling techniques. Micro-channel cooling loops feature very high cooling performance, compact design, and small coolant inventory [4] - [7] . However, forcing a liquid or two-phase mixture through very small channels creates considerable pressure drop. Hence, much attention has been given in recent years to the development of a low flow rate micro-pump that is capable of handling high pressure drops. Obvious obstacles have been the high cost and, more importantly, limited reliability of those micro-pumps.
This study explores means of incorporating micro-channel and mini-channel cooling using a pumpless, self-sustaining flow loop. This loop is examined as alternative to conventional thermosyphon cooling systems. Tests were conducted to determine upper cooling limits from simulated high-heat-flux devices with flat, micro-channel and mini-channel surfaces. Similar surfaces have been examined in the past in conjunction with both pool boiling [2] , [8] and channel flow boiling systems [9] . Key objectives of this study are to 1) assess the feasibility of the pumpless flow boiling loop; 2) explore upper cooling limits using flat, micro-channel and mini-channel surfaces; 3) examine analytically the coolant flow rate requirements and pressure drop trends for different boiler geometries.
II. EXPERIMENTAL METHODS

A. Pumpless Loop Concept
The pumpless loop concept relies on fluid density differences between two vertical, parallel tubes to induce fluid motion. As shown in Fig. 1 , the device surface forms a side wall to a miniature rectangular boiler which is connected to the bottom of the hot tube. The top ends of both tubes are connected to a liquid reservoir, maintaining a constant near-ambient pressure. The vapor exiting the boiler and ascending through the hot tube bubbles through the reservoir liquid and rises into an air-cooled condenser situated directly above the liquid reservoir. The vapor is condensed into liquid droplets that drip down into the reservoir. The vapor bubbles exiting the boiler greatly reduce the density of the two-phase mixture in the hot tube. Large density differences are therefore incurred between liquid in the cold tube and two-phase mixture in the hot tube. This sets up a nonequilibrium in hydrostatic pressure at the lower junction between the two tubes, causing the denser liquid to flow downwards in the cold tube to compensate for the two-phase upflow in the hot tube. This constitutes a flow loop which is controlled entirely by density differences and, hence, heat dissipation from the device.
This pumpless loop constitutes a "smart" cooling system which enhances its own performance in response to an increase in device heat flux. This feature is inherent in the system and functions without external aid such as a pump. An increase in heat flux causes a larger vapor void fraction in the hot tube, inducing even larger density differences between the two tubes, and increasing the velocity of the two-phase mixture in the boiler. This system combines many attributes that are important to electronic cooling. It uses dielectric coolant (FC-72) for direct immersion cooling, does not require a pump, is self-driven and self-sustaining, requires a small coolant inventory, and, as demonstrated later in this paper, greatly enhances CHF relative to pool boiling thermosyphons. Eliminating the need for a pump reduces system cost considerably and enhances cooling system reliability.
There are two fundamental differences between this pumpless loop and pool boiling thermosyphons, both differences are related to the manner in which replenishment liquid is returned to the boiling surface to compensate for the vapor produced. First, liquid in a thermosyphon has to penetrate downwards between rising bubbles to reach the boiling surface, whereas the pumpless loop completely isolates the return path of the replenishment liquid from that of the vapor. A second difference is the effect of boiler size on the boiling process. The small confines of a compact boiler in a pool boiling thermosyphon can greatly influence both bubble release and liquid return, which can have a detrimental effect on CHF. The pumpless loop circumvents this problem by relying on induced channel flow boiling, which is far less sensitive to boiler size, and may actually benefit from the increased flow velocity in a narrow gap [10] - [12] .
B. Boiler Design
As shown in Fig. 2(a) , the boiler test module consisted of a vertical heated surface encased in a rectangular G-10 fiberglass plastic housing and facing a transparent polycarbonate cover plate. Different cover plates were fabricated to vary the boiler's gap between the boiling surface and cover plate. Fig. 2(b) shows the construction of the heating block attached to the boiler. The heating block was constructed of a cylindrical oxygen-free copper rod with 16 cartridge heaters. The portion of the heating block facing the boiler was machined down to a square cross-section, terminating with a 21.3 21.3 mm boiling surface that simulated a computer processor or other high heat flux device. Three type-K thermocouples recorded the liquid temperature at the boiler inlet, the temperature of the flat boiling surface or base temperature of the enhanced surface, and the temperature of the two-phase mixture just emerging from the boiling surface. Fig. 3 shows the details of the enhancement features on the micro-channel and mini-channel surfaces. The flat surface was flush-mounted in a raised platform inside the G-10 housing as illustrated in Fig. 2(a) . For the enhanced surfaces, the base of the micro-fins was flush with the raised platform. The boiler gap, , is the defined in the present study as the distance from the transparent cover to the boiling surface itself for the flat surface, and to the top of the fins for the enhances surfaces. All boiling surfaces were blasted with 1200 grit particles to ensure uniform micro-texture.
C. Experimental Procedure
The loop was filled to a predetermined reservoir level with liquid from a graduated supply flask as shown in Fig. 1 . The supply flask valve was closed during every test run. A deaeration procedure consisting of vigorous boiling and condensation was adopted before each test. The test commenced by starting the condenser fan and supplying very low power to the cartridge heaters from a variable voltage transformer. The power was incremented slowly thereafter, ensuring steady-state conditions were reached between increments. The waiting period between power increments varied according to heat flux: 20 to 90 min below 50% CHF, down to about 5 min above 90% CHF. The test run was terminated once CHF was detected. Temperatures were recorded by an Hewlett Packard 3497A data acquisition system which was interfaced to a PC. The electrical power supply was measured by a Yokogawa power meter.
Repeatability in CHF measurements was confirmed to within 2.2% for all boiling surfaces by executing three tests for each boiler gap. Power readings were accurate to within 0.02% and heat loss was less than 2% of the electrical power input. Accuracy of the temperature measurements was better than 1.0 C.
III. RESULTS AND DISCUSSION
A. FC-72 Versus Water Results for Flat Surface
As indicated earlier, far lower cooling rates are possible with FC-72 than with water because of the drastic differences in thermophysical properties. In a recent study by the authors [12] , the boiler gap was varied over a wide range, from 0.13 to 21.5 mm, and CHF measured and compared for the two fluids. Fig. 4 shows CHF is unaffected by boiler gap for gaps over 0.51 mm for water and 3.56 mm for FC-72. Decreasing the gap below those values produced drastic, yet opposite trends in CHF for the two fluids. These results appear contradictory at first, but can be easily explained by the larger differences in both surface tension and contact angle between the two fluids. It is well known that CHF occurs when the replenishment liquid flow to the boiling surface in interrupted. Photographic studies in [12] showed bubbles in FC-72 were quite small, allowing liquid replenishment even in very narrow boiler gaps. Decreasing the gap accelerates the two-phase mixture along the boiling surface leading to further CHF enhancement. Water tests produced much larger vapor bubbles which were squeezed against the transparent cover and spread laterally for small gaps, blocking liquid replenishment to the boiling surface as illustrated in Fig. 4 . Small gaps were therefore very advantageous for FC-72 but detrimental for water. Fig. 5 illustrates the dramatic differences in bubble departure diameter for FC-72 and water according to the Fritz Bond number correlation [13] ( 1) where is the contact angle in degrees. Those differences are largely due to nearly an order-of-magnitude greater surface tension and larger contact angle for water compared to FC-72, whose contact angle in vanishingly small on most practical surfaces. It is important to note that (1) is used here only as an approximate measure for bubble departure diameter. More accurate estimates of bubble diameter should take into consideration the drag forces exerted by the liquid in the boiler gap. Equating the drag force to the surface tension force yields a bubble departure diameter inversely proportional to the square of liquid velocity. Decreasing boiler gap increases two-phase velocity, resulting in even smaller bubbles in FC-72 than predicted according to (1), hence allowing both the bubbles and replenishment liquid to pass unhindered even in small gaps, and resulting in higher CHF.
These findings prove that FC-72 and as well as other coolants with small surface tension and small contact angle are well suited to micro-channel flow, given the small obstruction vapor bubbles create to the liquid flow. However, with a further decrease in boiler gap, a point must be reached where even the small bubbles in such coolants begin to block the liquid flow, which is clearly manifest in Fig. 4 by a decrease in CHF below a gap of 0.13 mm.
The small contact angle of FC-72 provides another heat transfer advantage, namely a very thin liquid film along the perimeter of bubbles. 
B. FC-72 Results for Flat and Enhanced Surfaces
Since smaller gaps produced the highest CHF values for FC-72 in [12] , it was decided in the present study to investigate only small gaps when exploring CHF from enhanced surfaces. Fig. 6 (a) and 6(b) show boiling curves for the flat, micro-channel and mini-channel surfaces corresponding to boiler gaps of 0.13-0.25 and 1.27-1.52 mm, respectively.
All boiling curves show a smooth transition between the single-phase liquid region and nucleate boiling region. Absent is the large temperature drop commonly observed in pool boiling, which can be very damaging to temperature sensitive devices [2] . For the smaller gap range, the micro-channel surface showed the greatest enhancement in nucleate boiling, evidenced by a leftward shift to lower surface superheat values, followed by the mini-channel and flat surfaces. For the higher gap range, the flat and micro-channel surfaces produced competing nucleate boiling results, while the mini-channel surface resulted in the highest superheat. It is evident the added flow resistance with the larger mini-channel fins causes preferential liquid flow in the larger gaps away from the fins. Fig. 7 compares CHF results for the flat, micro-channel and mini-channel surfaces within a small gap range of 0.13 to 1.52 mm. Clearly, the two enhanced surfaces provide CHF values that are superior to those of the flat. The mini-channel surface follows the same CHF trend with boiler gap as the flat surface, but with a 38% enhancement. This implies the mini-channel, with its relatively wide surface flow features is equivalent to a flat surface with greater heat transfer area, but sharing the same base area. Both the flat and mini-channel surfaces seem to benefit from an increasing two-phase mixture velocity with decreasing boiler gap. Both surfaces also possess a crossover boiler gap (corresponding to maximum CHF) of about 0.14 mm below which CHF no longer increases with decreasing gap. The fact that the crossover points for both the flat and mini-channel surfaces are nearly the same lends credence to the similarities in CHF mechanisms between the two surfaces. One key difference, however, is that CHF is compromised to lower values below the crossover point for the flat surface, Fig. 7 , while it stays about the same for the mini-channel. This may be the result of the crossover gap beginning to interfere with bubble growth and interrupt replenishment liquid flow over the flat surface. The same conditions were observed over the top surfaces of the mini-channel fins, but the open areas between the fins provided ample flow space for the liquid. Fig. 7 shows the crossover gap effect is both far stronger and occurs at a larger gap with the micro-channel surface than with the other two. The obvious difference in CHF trends between the micro-channel and mini-channel surfaces is related to the inability of the small areas between micro-channel fins to provide adequate spaces for the replenishment liquid flow. A key practical advantage with the micro-channel surface, however, is the ability to form the surface features directly into the device surface, whereas the larger mini-channel features have to be formed into a separate plate that is attached onto the device surface, introducing an added thermal contact resistance.
Overall, decreasing boiler gap seems to precipitate an increase in CHF due to increased two-phase flow velocity along the boiling surface. The small surface tension and contact angle of FC-72 enable bubbles to pass through very small gaps. The increase in flow velocity with decreasing gap also helps decrease bubble size further. This continues until a crossover gap size is reached below which the bubbles will begin to obstruct the flow.
C. Pumpless Loop Versus Pool Boiling CHF
As indicated earlier in this paper, the present pumpless loop is a prime contender to the pool boiling thermosyphon. A key drawback of the thermosyphon's boiler is CHF sensitivity to boiler dimensions, since replenishment liquid has to penetrate downwards between rising bubbles in the same boiler cavity, and a narrow cavity in a miniature boiler could greatly obstruct the liquid replenishment. The pumpless loop, on the other hand, separates the path of replenishment liquid from the rising bubbles, minimizing obstruction to the liquid flow. Thus, the pumpless loop is far more tolerant of narrow gap boilers than a pool boiling thermosyphon is.
To prove this point, the present pumpless loop apparatus was modified by disconnecting the cold tube shown in Fig. 1 entirely, thereby reducing the system to a simple pool boiling ther- [14] for an infinite liquid pool (2) Notice first the pool boiling data are all smaller than the model predicts, and decrease with decreasing gap. On the other hand, the pumpless loop CHF data show a monotonic increase as the gap is decreased from 12.32 to 0.13 mm. More importantly, the ratio of pumpless loop to pool boiling CHF increases from 1.85 for mm to 4.46 for mm. As shown in Fig. 7 , the flat, mini-channel and micro-channel surfaces yield maximum CHF values of 45.0, 62.0, and 60.0 W.cm , respectively, which are 4.5, 5.9, and 5.7 times greater than for pool boiling from a flat surface for corresponding gaps.
There results reveal a) CHF with the present pumpless loop is superior to that with pool boiling; b) considerable additional CHF enhancement is possible with the small gaps desired for miniature electronic cooling systems; c) very small coolant inventory is needed to accomplish this goal. It is important to note that these attractive CHF results by no means constitute an upper limit for electronic cooling using the pumpless loop. Far greater device heat fluxes are possible by attaching the device to a metallic plate (flat or enhanced) which would form the boiling surface in the pumpless loop's boiler. Thus, the maximum device heat flux can be several multiples of the CHF values measured in this study.
IV. PRESSURE DROP MODEL OF PUMPLESS LOOP
A. Model Formulation
It is imperative that in order to understand how the pumpless loop functions for different boiler gaps with increasing heat flux, all the forces influencing the loop performance must be carefully examined. A pressure drop model was developed for this purpose, which facilitates the assessment of boiler gap variations on various components of pressure drop, coolant mass flow rate, and boiling surface inlet and exit velocities. Those same trends are used to explain the effect of boiler gap on CHF. Fig. 8 shows the nomenclature used in this model as well as key pumpless loop dimensions. Pressure drop in this system includes frictional, accelerational, and gravitational components. Accelerational pressure drop is encountered only along the boiling surface, where phase change and, hence, flow acceleration, take effect. Salient assumptions used in this model are negligible pressure losses due to the tube bends as well as to the boiler and reservoir inlet and exit effects.
A constant datum pressure is assumed at the free interface of liquid in the reservoir, and pressure drops in the individual portions of the loop are represented as
Adding (3) to (7), and rearranging (8) The left-hand side term of (8) is the total pressure drop due to the liquid head only, which balances the remaining gravitational, accelerational and frictional pressure drops across the entire loop.
The frictional pressure drops resulting from single-phase flow at flow rate inside the plastic tubing of diameter can be combined into one term (9a) where [15] for (9b)
The Petukhov correlation [16] , (9d), is actually valid for Reynolds number values from 3000 to 5 10 . However, it is used here only for 2 10 since (9c) is more appropriate for the lower range of the turbulent region.
The homogeneous equilibrium model [5] - [7] , [17] is used to determine the two-phase frictional, accelerational, and gravitational components of pressure drop. A key attribute of the homogeneous equilibrium model is its ability to provide analytical expressions for two-phase pressure drop.
The two-phase regions in the cooling loop have a clear demarcation-the first region is the heated region (3 to 4) corresponding to the boiling surface itself, and the second an adiabatic two-phase region (4 to 0). At the outlet from the boiling surface (4), the thermodynamic equilibrium quality is expressed as (10) where is the planform area of the boiling surface. Since thermodynamic equilibrium quality has a linear relationship with distance along the boiling surface, the two-phase frictional pressure drop across the boiling surface can be expressed as (11) where is the flow area associated with the flow gap, is the hydraulic diameter of the boiler gap, and is the two-phase friction factor, which is set equal to 0.003 [17] .
Since is constant along the adiabatic two-phase region, the two-phase frictional pressure drop between points 4 and 0 can be expressed as (12) The homogeneous equilibrium model yields the following expressions for the two-phase gravitational pressure drop across the boiling surface (3) (4) , where varies linearly with , and the adiabatic section (4-0), where , respectively
Since varies linearly with along the boiling surface, the accelerational pressure drop across the heated surface can be expressed as [5] - [7] (15) Equation (8) was used to ascertain the effects of boiler gap on the various components of pressure drop. The variables examined also include the mass flow rate induced in the loop, , the liquid velocity at the inlet to the boiling surface, , and the velocity of the two-phase mixture exiting the boiling surface, , which is given by (16) The cooling loop performance was evaluated at CHF as well as for successive heat flux levels, under saturated conditions corresponding to one atmosphere.
The reader should refer to the previous study by the authors [12] for a more comprehensive pressure drop assessment for the flat surface using the Drift-flux model which, unlike the homogeneous equilibrium model, accounts for the complex velocity differences between the phases. Fig. 9(a)-(c) show the model predictions for FC-72 corresponding to the measured CHF for each gap for the flat, microchannel and mini-channel surfaces, respectively. Trends of important loop variables with boiler gap are manifest in the CHF trends, which are provided in the top plot of each figure. Some of the trends are shared by all three surfaces. For all three surfaces, the frictional pressure drop from 0 to 3 is quite small over the range of gaps tested. A few salient differences in the physical trends among the three surfaces are evident from the model predictions. For the mini-channel surface, except for the accelerational pressure drop (3-4) and the two-phase frictional pressure drop from 4 to 0, all remaining pressure drops can, for all purposes, be considered negligible. The two dominant pressure drops more or less balance each other; as the gap increases, the two-phase frictional pressure drop increases at the expense of the accelerational. However, for the flat and micro-channel surfaces, there appear to be three regions of interest. For gaps smaller than 0.2 mm, the accelerational and frictional pressure drops associated with the boiling surface itself (3-4) add up to nearly the entire available liquid head, with the former gaining at the expense of the latter as the gap increases. All other pressure drops in this range appear inconsequential. The second range is from 0.2 to 0.5 mm, where the same trends are observed as in the previous range but the rate of change of the two dominant pressure drop terms is relatively mild. In the third range from 0.5 to 1.5 mm, the two dominant pressure drops show a constant rate of descent with increasing gap, with the two-phase frictional pressure drop across the adiabatic length (4-0) taking up the descent. An interesting point to note is that the enhanced surfaces appear to be subjected to greater two-phase friction across the adiabatic length (4-0) than the flat surface, especially with larger gaps.
B. Model Results
Of paramount importance to the results shown in Fig. 9 (a)-(c) is the similarity of CHF variations with boiler gap and the variations of accelerational pressure drop associated with the boiling surface (3) (4) . Clearly, acceleration of the two-phase mixture with decreasing gap is key to the overall enhancement in CHF with decreasing gap. Also, limitations on two-phase mixture acceleration in very small gaps seem to correlate well with the decline in CHF for the same gaps. Furthermore, the performance of the entire system seems highly sensitive to the quantity , which accounts for the static liquid head above the boiler. While increasing this parameter can greatly enhance CHF, one must keep in mind that this parameter is dictated mostly by packaging constraints.
Earlier in this paper, the pumpless loop was described as a smart system, capable of compensating for increased heat flux (input parameter) by adjusting itself to enhance its cooling performance even further. Fig. 10(a)-(c) depict, for the flat, microchannel, and mini-channel surfaces, respectively, the variations of mass flow rate and boiling surface exit velocity with heat flux for two select gaps per surface. The plot corresponding to each gap is terminated with the measured CHF. The mass flow rate for all three surfaces is greater for the larger gap due to larger flow area. The opposite is true for exit velocity. Fig. 10(a) shows exit velocity for the flat surface becomes constant above a heat flux of 25 W.cm since above this flux the void fraction and thermodynamic quality both attain a value of unity, thereby yielding identical values of exit velocity. Incidentally, the difference in exit velocity between the two gaps for the flat surface is far more prominent than for the enhanced surfaces.
Figs. 9(a)-(c) and 10(a)-(c) clearly illustrate two salient advantages of a smaller gap: a) small coolant inventory requirements; b) augmented CHF due to high acceleration of the two-phase mixture along the boiling surface.
V. CONCLUSION
This study was conducted to assess the feasibility of a pumpless cooling loop for dissipating heat from a high heat flux electronic device. Experiments were performed in FC-72 using vertical flat, micro-channel and mini-channel surfaces. A pressure drop model of the entire loop was constructed using the assumptions of the homogeneous equilibrium model. The model results were used to both determine the effects of boiler gap and heat flux on key loop variables, and to help explain the measured trends of CHF with boiler gap. Key findings from the study are as follows.
1) This new cooling system is self-driven, self-sustaining, and inherently smart. It compensates for any increase in heat flux with a corresponding increase in boiling surface exit velocity, thereby enhancing performance further without external input. 2) FC-72 and other coolants with small surface tension and small contact angle (including refrigerants) are well suited for boiling in narrow gaps. Unlike water, which forms large vapor bubbles that block the flow of replenishment liquid in the boiler, bubbles in these coolants are far smaller, offering minimal blockage even in very small gaps. 3) CHF for FC-72 generally increases with decreasing boiler gap due to increased acceleration of the two-phase mixture along the boiling surface. However, a very small crossover gap exits below which the CHF enhancement ceases to occur, as blockage begins to take effect even in FC-72. 4) The effectiveness of the pumpless loop with small gaps implies a very small coolant inventory is required to sustain this system. 5) Better nucleate boiling results are achieved with the micro-channel and mini-channel surfaces than with the flat for gaps in the range of 0.13 to 0.15 mm, but those advantages not realized with larger gaps. Absent for all surfaces is the incipient boiling temperature drop, which can be detrimental to temperature sensitive devices in pool boiling. 6) The pumpless loop is considerably superior to a pool boiling thermosyphon utilizing the same boiler geometry and same coolant. CHF values with the flat, microchannel and mini-channel surfaces are 4.5, 5.7, and 5.9 times greater than for pool boiling from a flat surface for corresponding gaps. 7) Those CHF values constitute only baseline values for the loop performance since much greater device heat fluxes may be dissipated by attaching the device to a metallic plate possessing a much greater boiling surface area.
8) The pressure drop model shows, for small gaps, that the entire liquid head available for loop operation is used up in balancing the accelerational pressure drop, and to a lesser extent the frictional pressure drop, across the boiling surface.
